E is a mouse retrovirus that causes a fatal noninflammatory spongiform neurodegenerative disease with pathological features strikingly similar to those induced by transmissible spongiform encephalopathy (TSE) agents. Neurovirulence is determined by the sequence of the viral envelope protein, though the specific role of this protein in disease pathogenesis is not known. In the present study, we compared host gene expression in the brain stems of mice infected with either FrCas E or the avirulent virus F43, differing from 
The transmissible spongiform encephalopathy (TSE) agents or prions induce an unusual form of neurodegeneration characterized primarily by the appearance of vacuoles in neurons and the neuropil and are associated with neuronal dropout and astrocytosis. These are chronic diseases with incubation periods ranging from several months in rodents to several years in larger animals and humans. The chronicity of these diseases has made it difficult to identify the proximal events in the pathogenesis of this unusual form of neurodegeneration. The only other infectious agents known to cause spongiform neurodegeneration are a group of murine retroviruses that induce neuropathology essentially indistinguishable from that induced by the TSE agents (2, 52) but without the accumulation of prion protein in the brain. Through genome manipulation, the tempo of disease can be dramatically shortened, which has facilitated the identification of molecular and cellular events associated with the induction of spongiform degeneration (reviewed in reference 43) .
The first of these retroviruses to be identified was CasBrE, a murine virus originally isolated from wild mice (14) . CasBrE causes a paralytic disease with variable incidence and a long incubation period of several months to more than a year (13) . The determinants of neurovirulence of CasBrE have been localized to the viral envelope gene (12) , though the role of the envelope protein in disease pathogenesis remains unknown. We constructed a chimeric virus FrCas E , which contains the envelope gene of CasBrE inserted into the genome of a strain of Friend murine leukemia virus (MLV) FB29 (44) . When inoculated intraperitoneally into neonatal mice, FrCas E causes an acute fatal spongiform neurodegenerative disease with a clinical course beginning at 14 days postinoculation (dpi) and lasting approximately 1 week. Early clinical signs are characterized by tremor and muscle weakness that increase in severity with time in all infected mice. Mice reach a terminal stage that includes wasting, hind limb and forelimb paralysis, and seizures by 18 to 21 dpi. Small foci of spongiform lesions are first noted at 10 dpi and become widely distributed by 17 dpi (11) . This timeline has been found to be highly predictable (11) .
We have previously shown that the neurons and astrocytes that exhibit cytopathology are not infected by FrCas E , indicating an indirect mechanism of virus-induced neuropathology (43) . Instead, it is infection of microglial cells that appears to be necessary for the induction of spongiosis (35, 37) . Interestingly, in light of the extensive cytopathology and pronounced clinical manifestations caused by FrCas E , we have not observed activation of the infected microglial cells until late in the disease (34) , and there is little evidence that up-regulation of genes encoding proinflammatory cytokines is a determinant of virulence (4) .
Given the lack of a clear understanding of the molecular pathways involved in retrovirus-induced spongiform neurodegeneration, we conducted a study with high-density oligonucleotide microarrays to investigate transcriptional profiles in FrCas E -infected brain stem. To discriminate host responses to retrovirus infection per se from those responses associated specifically with spongiform neurodegeneration, we compared gene expression in the brain stem of mice infected with FrCas E with that induced by a nonpathogenic retrovirus (F43). While FrCas E contains the envelope gene of CasBrE, F43 contains the envelope gene of a nonneurovirulent mouse retrovirus Friend MLV57 (5) . FrCas E and F43 utilize the mouse cationic amino acid transporter as a receptor for virus entry (1) and infect the same spectrum of cells in the brain, yet F43 is nonpathogenic and thus serves as a useful control in this study. Transcriptional profiles for both early (10 dpi) and late (17 dpi) time points in the disease process were generated to follow the progression of gene expression changes. We show here both in vivo and in vitro that induction of a program of endoplasmic reticulum (ER) stress responses in infected cells is a correlate of retrovirus-induced spongiform neurodegeneration. The ER stress was found to be associated with the accumulation of envelope protein in an unprocessed form consistent with ER retention. By analogy with a growing number of human degenerative diseases associated with the misfolding of host proteins, this disease appears to be associated with the misfolding of a viral protein.
MATERIALS AND METHODS
Mice and virus inoculations. Inbred Rocky Mountain White mice were bred and raised at the Rocky Mountain Laboratories and were handled according to polices of the Rocky Mountain Laboratories Animal Care and Use Committee. Mice were inoculated with virus stocks prepared in Mus dunni cells as described previously (44) or for mock infections, with tissue culture media alone. Mice were inoculated intraperitoneally at 24 to 48 h after birth with 30 l of virus stock containing between 5 ϫ 10 6 and 1 ϫ 10 7 focus-forming units of infectivity per ml. Total RNA preparation. Mice were sacrificed under deep isoflurane anesthesia by cardiac perfusion with ice-cold phosphate-buffered saline (PBS) at 10 (early) and 17 (late) dpi. RNA was isolated, by using an RNeasy mini kit (Qiagen), from FIG. 1. The region of the brain analyzed in this study (brain stem) is illustrated above. Panel A shows sections of brain stem from mice either mock inoculated or inoculated as neonates intraperitoneally with F43 or FrCas E . Sections are stained with a polyclonal antiserum to MLV surface glycoprotein (SU). Immunoreactivity was detected with the substrate AEC (red), and the sections were counterstained with hematoxylin (blue). Both viruses infected cells associated with the microvasculature (yellow arrows), as well as cells in the parenchyma consisting of primarily microglial cells (black arrows). Microglial cells are distinguished by highly arborized processes and small ovoid nuclei. Neurons in these sections (red arrows) are identified by the largeness of their nuclei and their prominent nucleoli. At 10 dpi both viruses have spread beyond the microvasculature and infected parenchymal microglial cells. At 17 dpi infection of microglial cells by both viruses is extensive. Focal spongiosis can be detected at 10 dpi only in the FrCas E -infected brain stem (black arrowheads), and by 17 dpi the spongiosis is extensive. No neuropathology is detectable in the F43-infected brain stem at either time point. Magnification before reduction, ϫ125. Panel B shows viral RNA levels in the brain stem as measured by real-time RT-PCR with a probe specific for sequences within the gag gene shared by both viruses (n ϭ 8). The difference between FrCas E and F43 was not statistically significant at 10 dpi (P Ͼ 0.05) but was significant at 17 dpi (P Ͻ 0.001). Note the inverse relationship between viral RNA levels and neurovirulence. Data were normalized with GAPDH and are shown as mean Ϯ standard error of the mean. In panel A there appears to be a dramatic increase in the level of staining of the SU protein from 10 to 17 dpi, which is not apparent in respective levels of viral RNA shown in panel B. RNA levels correlate with previous quantitative Western blot analyses for FrCas E that indicate no difference in viral protein levels between 10 and 17 dpi (11). Immunohistochemistry is not a quantitative technique and is subject to substantial sampling error, so it is not used here to indicate levels of virus infection. the brain stem (diagram in Fig. 1A) , consisting of medulla oblongata, pons, and midbrain. Prior to array and RT-PCR experiments, the integrity of RNA was evaluated with an RNA 6000 nano assay kit and Bioanalyzer 2100 (Agilent) to visualize and compare 18S and 28S rRNA bands.
Affymetrix arrays. Generation of cDNA and cRNA for Affymetrix arrays and hybridization conditions were set up according to the manufacturer's protocol (Affymetrix). Each treatment group contained five mice, except for the group of mock-inoculated mice sacrificed at 17 dpi, which contained four mice. Gene expression profiles for 10 and 17 dpi were analyzed separately and were then compared for similarities. Microarray suite 4.0 (Affymetrix) was used to generate cell intensity files and presence/absence calls. These data were imported into the program dChip, where data were normalized with an invariant set normalization method to a common baseline array with the median overall brightness (30) , and gene expression values were calculated with a model-based approach (31) .
Several criteria were used to determine significant gene expression changes by applying dChip-calculated expression values. First, significant differences in transcript levels were determined with the program Statistical Analysis of Microarrays (SAM) (56) . SAM calculates gene-specific significance values and provides an estimate of the number of genes incorrectly called significant, also known as the false discovery rate (FDR). False positives are particularly a problem when multiple statistical comparisons are made for large numbers of transcripts. For any set of potentially significant differences between groups, an FDR is determined based on the number of significant genes in randomized data and in the original data set (reviewed in reference 10). For each group of genes identified as significant in this study, an FDR is indicated (footnotes in Tables 1, 2, and 3) . In addition to a statistical criterion, an arbitrary threshold of average 1.4-fold change was used to identify differentially expressed transcripts. Finally, a P value was calculated for each gene with analysis of variance (ANOVA) to complement SAM results. Genes were classified with the Gene Ontology Consortium's (GO) classifications (3), or, in cases where no GO classification was available, classifications were determined from relevant literature.
Real-time quantitative RT-PCR. Quantitative reverse transcriptase PCR (RT-PCR) was performed to verify some changes in gene expression determined by array analysis by using an ABI PRISM 7900 Sequence Detection System (Applied Biosystems). Total RNA samples used in microarray analysis were analyzed with real-time RT-PCR with the addition of mice to each treatment group for a total sample size of eight mice. After DNase treatment, each sample was reverse transcribed and was PCR amplified in triplicate by using TaqMan one-step RT-PCR master mix (Applied Biosystems) in a total reaction volume of 10 l. Reactions were performed with approximately 10 ng of total RNA, 500 nM each primer, and 250 nM TaqMan probe. Relative quantification was performed by constructing a standard curve of 10-fold serial dilutions by using RNA from brain extracted through protocols described above. This standard curve was used to determine a relative, arbitrary quantity based on the threshold cycle for each amplified sample with probes specific for the target. The relative quantity of target genes was normalized with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) for each sample by amplifying GAPDH simultaneously with target genes but in separate triplicate-reaction tubes. Probe and primers for GAPDH were obtained from the Rodent GAPDH Control Reagent kit (Applied Biosystems). GAPDH was a suitable gene for normalization because it showed little variation between treatments, as determined in Affymetrix array experiments reported here (10 dpi Immunohistochemistry. Mice were anesthetized with isofluorane and were perfused with ice-cold PBS. Brains were removed and were fixed in 3.7% formaldehyde in PBS for 24 h at room temperature. Coronal blocks were subjected to processing for dehydration and were embedded in paraffin. Six-micrometer sections were deparaffinized, subjected to antigen retrieval with heated citrate buffer, and stained with goat antiserum to viral surface glycoprotein (SU) as described previously (5).
Cell culture studies. NIH 3T3 cells (ATCC CRL 1658) were grown in Dulbecco's modified Eagle's medium supplemented with 10% calf serum at 37°C in a 5% CO 2 humidified incubator. Cells were infected as described previously (44) in triplicate in the presence of 8 g of Polybrene/ml. Mock-infected cells were exposed to Polybrene alone. After 48 h, RNA was extracted with an RNeasy mini kit (Qiagen) by lysing cells directly on plates. Cells were also infected and passed once at 72 h, and RNA was extracted at 96 h after infection. To determine the magnitude of expression changes caused by a known ER stress-inducing agent that blocks glycosylation, we treated NIH 3T3 cells with 2.0 g of tunicamycin/ml for 6 h. This treatment has been used in previous studies where ER stress gene expression profiles were examined (19) . NIH 3T3 cells were plated at a density of 5 ϫ 10 4 cells/well in 12-well plates (Corning 3513). Tunicamycin (Sigma) dissolved in dimethyl sulfoxide (DMSO) or DMSO alone was added 18 h later when cells were 50 to 60% confluent. After 6 h, RNA was extracted and was subjected to real-time RT-PCR with the probes (TaqMan) described above. All real-time RT-PCR data were normalized with GAPDH as described above, though in one experiment we normalized with 18S rRNA (Applied Biosystems) with similar results. Statistical analysis was performed by using ANOVA for virus infection and unpaired t tests for tunicamycin experiments.
Immunoblot analysis. Western blot analysis was performed on FrCas E -, F43-, and mock-infected NIH 3T3 cells at 48 h postinfection. Cells were washed with ice-cold PBS and were then lysed with 0.5% NP-40 in 0.01 M Tris-HCl, pH 7.4, 0.15 M NaCl, and 0.001 M EDTA and a protease inhibitor cocktail (Sigma) on ice for 10 min. Lysates were briefly centrifuged in a Capsule Tomy HF-120 centrifuge for 1 min to pellet nuclei. The supernatant was diluted in 5ϫ sodium dodecyl sulfate (SDS) sample buffer containing 2-mercaptoethanol and was boiled for 5 min prior to loading on an SDS-10% polyacrylamide gel. The gel was then electroblotted onto an Immobilon P membrane (Millipore) and was probed with rabbit anti-SU protein kindly provided by G. Hunsmann, Goettingen, Germany, that recognizes both the precursor pr85 env and the cleaved product, SU. A mouse anti-GAPDH antibody (Biodesign) was used to control for loading. Anti-SU was used at a 1:1,000 dilution, and anti-GAPDH was used at a 1:5,000 dilution. Membranes were developed with Attophos substrate (Promega), and bands were quantified with ImageQuant 5.2 (Molecular Dynamics).
RESULTS

Characterizing the model used for transcriptional profiling.
In this study we focused on the brain stem, a region of the nervous system where spongiform neurodegeneration is consistently observed after infection with FrCas E (11). Both FrCas E and F43 have been shown previously to infect the same spectrum of cell types in the nervous system. In the brain stem these include elements of the microvasculature (yellow arrows in Fig. 1A ) as well as microglial cells (black arrows in Fig. 1A ) (5) . Astrocytes and neurons in the brain stem are not infected (34) . Neuropathology in the form of small foci of spongiosis was first observed in the brain stem at 10 dpi of FrCas E (arrowheads in Fig. 1A ), approximately 4 days prior to the development of mild tremor, which is the first sign of clinical disease (11) . Lesions continued to spread in parallel with the progression of clinical disease, which reached the preterminal stage 17 dpi (Fig. 1A) . In contrast, no neuropathology was seen in the F43-infected brain stem at either time point, despite extensive infection of microglial cells (Fig. 1A) . Measurement of the relative levels of viral RNA in extracts of brain stem from FrCas E -and F43-inoculated mice revealed that at both time points F43 was expressed at higher levels than was FrCas E . These results support previous studies that showed higher levels of viral protein in the brains of F43-than in those of FrCas E -infected mice (5), indicating a curious inverse relationship between virus load and neurovirulence.
Genes up-regulated by both FrCas E and F43. The importance of discriminating disease-specific responses from those responses to virus infection per se was readily apparent when expression profiles of FrCas E -, F43-, and mock-infected mice were examined. At both 10 and 17 dpi, 20 genes were upregulated by infection with either retrovirus compared to mock-infected mice (Table 1) . Interestingly, up-regulated transcripts of STAT1 as well as a variety of interferon-responsive genes, including major histocompatibility complex (MHC) class I genes and ␤2 microglobulin, suggested that both viruses induced brisk interferon responses. Since neither MHC class II nor the class II transactivator genes were induced (not shown), this profile appeared to represent an alpha/beta interferon response. Because these genes were up-regulated by both the virulent and avirulent viruses, they were omitted from further analysis.
Disease-specific transcriptional profile early in the disease is suggestive of an unfolded protein response. It is widely recognized that perturbations of ER homeostasis such as the accumulation of misfolded proteins in the ER activate a stereotypical "unfolded protein response" (UPR) (15, 29) . This response is controlled by stress-induced signaling that results in transcriptional up-regulation of ER chaperones or glucoseregulated proteins (Grps), which help alleviate stress by promoting proper protein folding. In addition to increased chaperone expression, increased proteasome degradation of misfolded proteins and decreased translation initiation allow cellular adaptation to the increased protein folding demands placed on the organelle. Ultimately, perturbations in the ER may lead to the transcriptional activation of the ER stressregulated, proapoptotic gene CHOP/GADD153 and cell death (58, 61) .
At 10 dpi, a time coincident with the onset of lesions in vivo, but 4 days prior to the onset of clinical disease, there was a group of 12 up-regulated genes that were observed only in mice inoculated with FrCas E (Table 2) . Two genes in this group encode proteins that may be involved in protein ubiquitination. One gene encodes the protein rjs, which has a HECT domain that may have common function with E3 ubiquitin-protein ligases and has recently been shown to be induced by tunicamycin, a known inducer of ER stress (19) . The other gene is unnamed but appears to be related to a ubiquitin carrier protein. In addition, the up-regulation of glucose-regulated protein 58 (Grp58/ERp57) as well as of CHOP supports the notion that FrCas E infection may be associated with the induction of an ER stress response. Grp58/ERp57 is a thiol oxidoreductase involved in ER protein folding (32) . Thus, 4 out of the 12 up-regulated disease-specific genes detected at this early time point appear to represent a response to the accumulation of unfolded proteins in the ER.
Disease-specific transcriptional profile detected in advanced disease. At 17 dpi there were 263 transcripts that were differentially expressed in FrCas E -inoculated mice relative to F43-and mock-inoculated mice (Table 3) . Of these, 41 transcripts were from genes of unknown function and are not shown in Table 3 . Consistent with the expression profile at 10 dpi suggesting perturbation of ER function, we found differential expression of several genes that are known to be involved in the response to ER stress, including CHOP, ATF3, Sui1, GADD45, Tdag, Cyclin D1, Sel-1, Srebp-1, ischemiaresponsive 94kDa protein, Hsp47, Gas5, Rnu22, NFIL3/ E4BP4, GKLF, Cpo, and Glut1 (8, 19, 20, 27, 46, 47, 49, 57, 59 ) (marked by asterisks in Table 3 ). CHOP, ATF3, GADD45, and cyclin D1 also are implicated in cell cycle control and/or apoptosis. Additional genes differentially expressed late in disease and involved in cell cycle/apoptosis include inhibitor of apoptosis protein 2 (IAP2) (down-regulated), the cell death-promoting gene DP5 (up-regulated), which interacts with BCL2 family members, and the cyclin-dependent kinase inhibitor p21 (up-regulated).
Strikingly, of these 263 differentially expressed genes, only one gene, CHOP, was scored as up-regulated at both the early and late time points in FrCas E -inoculated mice. The quantitative differences in CHOP transcripts between FrCas E -and F43-inoculated mice increased from 1.4-at 10 dpi to 3.6-fold at 17 dpi. No change in levels of CHOP transcripts was observed in the F43-versus mock-inoculated mice at either time point.
Does FrCas E induce ER stress? In view of the progressive increase in CHOP expression as well as other signs of ER stress detected at 10 dpi, we used real-time RT-PCR to determine transcript levels for several important players in ER stress responses (Fig. 2) . Some of these transcripts were not detected with our initial filtering criteria or were not present on the arrays used. Genes investigated included CHOP, three ER chaperones, i.e., BiP (Grp78), Grp58/ERp57, and calreticulin, and PERK, a protein kinase involved in the attenuation of protein translation during ER stress. PERK activation occurs posttranslationally (18) , and transcriptional activation has not, to our knowledge, been reported. Nevertheless, we included this gene because previous studies in our lab with nonAffymetrix arrays suggested up-regulation of PERK in FrCas Einfected mice. When the sample size was increased from five mice in microarrays to eight mice used in real-time RT-PCR, we found that BiP was elevated at 10 dpi in the FrCas Einoculated mice (Fig. 2) . Although the change (n-fold) relative to the F43-inoculated mice was small, it was significant. At 10 dpi, Grp58/ERp57 was up-regulated as determined by Affymetrix arrays (Table 2) . Real-time RT-PCR confirmed this small increase in Grp58/ERp57 expression in FrCas E -inoculated mice (Fig. 2) , although the difference was not significant. At 17 dpi PERK was indeed up-regulated in the FrCas E -inoculated mice, but curiously transcripts for calreticulin and Grp58/ERp57, appeared to be depressed in these mice (Fig. 2) . BiP expression reflected this trend, although the difference in BiP expression was not significant. Consistent with the late down-regulation of ER chaperones, heat shock protein 47 (Hsp47) and ischemia-responsive element 94 RNAs were also depressed in FrCas E -inoculated mice at 17 dpi as seen in Affymetrix array analysis (see asterisks under "Heat shock response/protein folding" in Table 3 ). These results, thus, provided support for the microarray data, which suggested early transcriptional activation of a subset of genes involved in ER stress.
In order to address more directly whether infection of cells with FrCas E was associated with the induction of an ER stress response, we carried out in vitro experiments with NIH 3T3 Continued on facing page Continued on facing page cells that are highly permissive for both FrCas E and F43. Cells were infected, and RNA was extracted at either 48 h or 96 h postinfection. Quantitative RT-PCR was performed with probes for BiP, calreticulin, Grp58/ERp57, CHOP, and PERK ( Fig. 3A and B) . After 48 h BiP was significantly up-regulated only in the FrCas E -infected cultures (Fig. 3A) , a result that has been repeated in three independent experiments. In contrast, at this time point expression of the other ER stress-associated genes appeared not to be affected. At 96 h postinfection, however, all of these genes were up-regulated in the FrCas E -infected cultures (Fig. 3B) . In contrast, none of these genes was up-regulated in the F43-infected cultures at either time point.
To place these data in perspective, we exposed NIH 3T3 cells to tunicamycin, a known inducer of ER stress. RNA was extracted after 6 h of exposure and was analyzed with the same set of probes (Fig. 3C) . The results indicated that the responses of BiP and CHOP to tunicamycin were more robust than those to FrCas E . However, the up-regulation of calreticulin, Grp58/ ERp57, and PERK was quantitatively similar for the two treatments, implying that FrCas E was a relatively potent inducer of ER stress. The up-regulation of PERK mRNA by tunicamycin was unexpected but was consistent with its up-regulation by FrCas E . This suggests that PERK activation under conditions of ER stress may occur both posttranslationally and at the transcriptional level, an observation that merits further investigation. These in vitro results therefore support the in vivo data suggesting the early activation of an ER stress response in the brain stems of FrCas E -infected mice and imply that even small changes discovered with microarray technology in complex tissues can represent larger changes when a single affected cell type is examined. Taken together, these results suggest that the induction of an ER stress response in the brain stems of FrCas E -inoculated mice likely represents a proximal event originating from virus-infected cells.
Since FrCas E and F43 differ in the sequence of their envelope genes, it is reasonable to suggest that it is the misfolding of the viral envelope protein of FrCas E that is responsible for the induction of ER stress. The viral envelope protein is synthesized as a precursor polyprotein called pr85 env (Fig. 4A ) (51) consisting of the N-terminal SU glycoprotein and the C-terminal transmembrane protein (TM) (Fig. 4A) . The FrCas E SU protein contains seven and the F43 SU protein eight potential N-linked glycosylation sites (36) . Furthermore, the FrCas E SU protein contains two deletions of 4 and 7 residues within the proline-rich domain when compared to F43. These differences account for differences in molecular sizes of the respective proteins in SDS-polyacrylamide gel electrophoresis (Fig. 4B). pr85 env is cleaved by a furin-like protease in the Golgi, yielding a membrane-anchored TM protein and an SU protein associated with TM by noncovalent and disulfide bonds. Thus, at steady state, the ratio of pr85 env to SU can be used as a relative measure of the partitioning of the respective proteins within the ER and Golgi. Immunoblot analysis of whole-cell lysates of NIH 3T3 cells infected with FrCas E and   FIG. 2 . Quantification of mRNA levels of select ER stress genes in brain stems of FrCas E -infected mice. Real-time RT-PCR was used to quantify transcript levels in groups of eight mice sacrificed at 10 and 17 dpi. At 10 dpi there was a small increase in FrCas E -infected brain stem in CHOP, BiP, Grp58/ERp57, and calreticulin, though statistical significance was reached only for CHOP and BiP. At 17 dpi CHOP was up-regulated, but BiP, GrP58/ERp57, and calreticulin each appeared to be down-regulated. PERK was up-regulated as well at 17 dpi (Fig.  3) . Data are shown as mean Ϯ standard error of the mean. P for FrCas E versus: F43: *, Ͻ0.05; **, Ͻ0.01; and ***, Ͻ0.001. env as well as SU protein but does not react with the TM protein (p15E). The blot was stripped and was reprobed with anti-GAPDH to control for loading differences. Note that the ratio of pr85 env to SU is different for these two viruses, indicating that in FrCas E -infected cells there is accumulation of the envelope precursor protein, suggestive of ER retention.
F43 revealed a reproducible difference in the pr85
env -to-SU ratio (Fig. 4B) . For F43 the ratio was 1:2.5; for FrCas E the ratio was 2:1, suggesting that relative to F43, the FrCas E Env precursor protein was retained in the ER.
DISCUSSION
The neurologic disease caused by the wild mouse virus CasBrE and its derivatives appears to have more in common with a degenerative process than with a typical inflammatory viral encephalitis. Most striking is the complete absence of inflammatory cellular infiltrates in the brain, despite progressive neuronal dropout and gliosis (2) . Indeed, by using a highly sensitive RNase protection assay, we found essentially no evidence for up-regulation of inflammatory cytokines in the central nervous system until very late in the course of the disease (4). These results were confirmed by microarray analysis in this study. Thus, it appears unlikely that this disease has an inflammatory etiology.
Spongiform neurodegeneration is a fairly rare type of pathology that is generally considered to be diagnostic of the prion diseases, though similar lesions have also been observed in SOD2 (40) and attractin knockout (16) mice. In none of these conditions is the molecular pathogenesis of the neurodegeneration understood. Here we have utilized oligonucleotide microarray technology to approach, at the transcriptional level, the early events in the genesis of spongiform lesions induced by the mouse retrovirus FrCas E , a highly neuropathogenic derivative of CasBrE.
The number of disease-specific genes up-regulated early was small, and curiously only one of these genes, CHOP, was also up-regulated at the late time point. In recent years it has become apparent that CHOP is up-regulated in response to conditions that perturb ER function, such as the accumulation of unfolded proteins (58) . Indeed, evidence for up-regulation of genes encoding proteins involved in both the sensing and resolution of ER stress was detected at the early time point (10 dpi) and only in mice inoculated with the pathogenic virus FrCas E . These genes included BiP, an ER resident chaperone, and Grp58/ERp57, an oxidoreductase known to complex with calreticulin in the ER and to be involved in protein folding. Finally, there was disease-specific up-regulation of two genes encoding molecules that appear to be involved in the ubiquitin/ proteosome system; one of these (rjs) has recently been implicated in the response to ER stress (19) . Cumulatively, these results provide evidence for engagement of a host response to perturbation of ER homeostasis early in the course of the disease.
Although the ER stress response was observed very early in the course of the neurodegenerative disease caused by FrCas E , there was already evidence for small but clear-cut foci of spongiform neurodegeneration. It was possible that these ER stress-associated transcripts were expressed in the uninfected neuronal and glial cells exhibiting the degenerative changes. However, we found clear evidence that infection of fibroblasts in vitro with FrCas E but not F43 induced a similar spectrum of ER stress responses as was observed in vivo. Thus, it appears likelier that these responses were derived from the infected cells in the brain stem. (17, 33) . These results are similar to processing defects described here that were encountered in the use of infected NIH 3T3 cells, suggesting that infected microglia are also undergoing ER stress. To further test our model, it will be important to fully investigate ER stress in microglia both in vivo and in vitro.
It has long been recognized through genetic studies that the envelope genes of the neuropathogenic MLVs carry the determinants of their neurovirulence, but the virus-host interactions underlying this neurotoxicity have not been resolved. The notion that the neuropathogenicity of these viruses may be related to protein misfolding in the ER has been proposed previously, though the evidence was derived exclusively from in vitro studies (33, 48) . The most compelling evidence supporting a role for protein misfolding in this disease has come from a series of genetic studies on a temperature-sensitive mutant of Moloney MLV (ts1) that induces a disease indistinguishable pathologically from that caused by FrCas E . The temperature sensitivity of this virus in vitro involved the improper assembly of envelope protein oligomers in the ER at the nonpermissive temperature, resulting in ER retention (26) . Interestingly, the neurovirulence of ts1 in vivo was found to map to the same sequence in the N terminus of the envelope protein, as did the temperature sensitivity in vitro (53) . Nevertheless, the present study is the first to provide evidence suggesting that protein misfolding is a determinant of MLV-induced neurodegeneration in vivo.
Although more than 250 disease-specific transcripts were differentially expressed in the brain stems of mice with advanced disease, it is difficult to distinguish those responses specifically involved in disease pathogenesis from those induced as a consequence of secondary effects of the poor clinical condition of mice at a preterminal phase of the disease. These mice not only exhibited severe tremor and paralysis but were also wasted, suggesting nutritional deficiency. Thus, some of the late responses observed in the brain stems of FrCas Einoculated mice were undoubtedly a consequence of secondary metabolic effects.
CHOP was up-regulated at both the early and late time points in the disease. In contrast, at 17 dpi some ER stressassociated transcripts analyzed here, including calreticulin and Grp58/ERp57, were actually down-regulated in FrCas E -inoculated mice. The explanation for these fluxes in gene expression is not readily apparent, though they may also represent secondary effects of the poor clinical status of these mice with advanced neurologic disease. Alternatively, this response could indicate that infected cells were no longer able to adapt to the stress of increased misfolded proteins and may have been in the process of undergoing cell death. This is consistent with the progressive increase in expression of the proapoptotic gene CHOP between 10 and 17 dpi.
Two types of ER-stress responses have been associated with virus infection. One is termed the ER overload response (EOR) and appears to be induced by the accumulation of normally folded viral glycoproteins in the ER (42) . This response can apparently be induced by increased expression of any ER-targeted protein and results in the activation of NF-B and the consequent up-regulation of a variety of genes involved in inflammatory responses as well as interferon-responsive elements. The early up-regulation of interferon-responsive genes by both FrCas E and F43 (Table 1) may represent an EOR but clearly is not a determinant of neurovirulence. The second type of ER stress is the unfolded protein response (UPR) described above, which is induced by the accumulation specifically of misfolded proteins in the ER. In vitro studies have shown that infection with several different viruses can result in the induction of the UPR. These include at least three members of the Flaviviridae (25, 50, 54) , measles virus (7), and respiratory syncytial virus (6) . As yet, however, there is no evidence that the UPR is involved in the pathogenesis of the diseases caused by these viruses. The observation that the induction of an unfolded protein response is a determinant of neurovirulence of FrCas E suggests the possibility that this neurodegenerative disease may represent a protein folding or conformational disease induced by a virus.
The induction of ER stress by FrCas E could explain the unusual inverse relationship between the level of viral RNA (this study) and viral protein (5) in the brain stem. We have consistently observed that F43 replicates to higher levels in the brain than does FrCas E , an observation that has, until now, remained counterintuitive. However, retention of the FrCas E envelope protein by the ER quality control system could influence the amount of protein available for virus assembly and therefore might impact the level of virus spread in the brain.
What remains unclear is the connection between the UPR induced in FrCas E -infected cells (primarily microglial and endothelial cells) and the ultimate expression of cytotoxicity that is exhibited by uninfected neurons and glial elements in the vicinity of the infected cells. One possibility is that the UPR induced in infected microglial cells leads ultimately to their demise and perhaps a loss of trophic factors secreted by these cells. This hypothesis is supported by the up-regulation of proapoptotic genes, such as CHOP, DP5, p21, and GADD45, and the down-regulation of IAP2, an antiapoptotic gene (Table 3) . Alternatively, it is also possible that the neuropathology induced by FrCas E is a consequence of a gain-of-function in the infected cells. It has been reported that protein misfolding as well as overexpression of CHOP is associated with the depletion of reducing equivalents such as glutathione in the cell (19, 39) . Since glutathione is a major scavenger of reactive oxygen species, this could conceivably tie unfolded proteins and ER stress to the accumulation of ROS in the vicinity of the infected cells. Indeed, the spongiform lesions induced by another neurovirulent MLV, PVC211, appear to be associated with evidence of local oxidative damage, and feeding mice vitamin E measurably lengthened the incubation period of this disease (60) .
Whether apoptosis or the generation of ROS represents the link between the UPR and the neurotoxicity, it is likely that understanding the events downstream of this virus-induced UPR will shed light on the pathogenesis of human neurodegenerative disorders associated with misfolded host proteins. Recent studies suggest that ER stress may play a role in the pathogenesis of Alzheimer's (28, 55), Huntington's (41) , and Parkinson's (22, 45) diseases. Interestingly, the activation of ER stress responses appears to be induced both by the accumulation of misfolded proteins in the ER as well as the accumulation of protein aggregates in the cytosol. The latter effect may be mediated through inhibition of ubiquitin/proteasome-mediated protein degradative pathways (9, 41) . In this regard, it is of interest that a spongiform neurodegenerative disease seen in mice with the mahaganoid coat color was recently linked to a mutation in a gene that resembles a ubiquitin ligase (21) . Finally, several studies suggest that misfolding and retention of PrP in the ER (23, 24) and perhaps retrograde transport of misfolded PrP to the cytosol (38) may participate in the pathogenesis of familial TSE diseases. It remains to be determined whether the spongiform neurodegeneration induced by these mutant host proteins involves the induction of ER stress responses related to those observed here in this retroviral disease.
